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2.1. State-space model 
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2.2. Particle filter (PF) 
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2.2.2. Estimation algorithm by PF 
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 Ö Ö Ö ÖM Mi i ik k k ki i wM     ¦ ¦[ [ [
.  (15) 
2.3. Unscented Kalman Filter (UKF) 
7KH8.) LV Dderivative-free.DOPDQ ILOWHU WKDW UHTXLUHV QR FDOFXODWLRQRISDUWLDO GHULYDWLYHV IRU WKH VWDWH DQG
PHDVXUHPHQW HTXDWLRQV >:DQDQG1HOVRQ @7KHFRQYHQWLRQDO(.)SURYLGHVD ILUVWRUGHU DSSUR[LPDWLRQ WR
WKHRSWLPDOHVWLPDWHVZKHUHDV WKH8.)FDQDFFXUDWHO\REWDLQ WKHSRVWHULRUPHDQDQGFRYDULDQFH WR WKHLU VHFRQG
RUGHU 7D\ORU H[SDQVLRQV XVLQJ D PLQLPDO VHW RI FDUHIXOO\ FKRVHQ VDPSOH SRLQWV FDOOHG VLJPD SRLQWV >:DQ DQG
1HOVRQ@7KHILUVWVWHSLQWKHDSSOLFDWLRQRIWKH8.)LVWRJHQHUDWHWKHVLJPDSRLQW kĭ DV
  i P k
i
N O ı 3 ,  (16) 
  
Ö Ök)  [ ,      Ö Ö  i k k i P i N )    [ ı ! ,      Ö Ö   i k k i N P i N N  )    [ ı ! , (17) 
 Ök k ĭ I ĭ ,  (18) 
ZKHUH iT LVWKH i WKFROXPQYHFWRURIWKHORZHUWULDQJOHPDWUL[ZKHQDSSO\LQJWKH&KROHVN\GHFRPSRVLWLRQWRWKH
HUURU FRYDULDQFH k3  N LV WKH QXPEHU RI VWDWH YDULDEOHV DQG O LV WKH VFDOLQJ SDUDPHWHU 7KHPHDQ RI WKH VWDWH
YDULDEOHVDQGWKHHUURUFRYDULDQFHEHIRUHWKHREVHUYDWLRQDUHWKHQJLYHQE\
(mean before observation) 



N
k i i k
i
h
 
 )¦[  ,  (19) 
(covariance before observation) 

  

N Txx
k i i k k i k k k
i
h 
 
ª º ª º )  )  ¬ ¼ ¬ ¼¦0 [ [ 9   . (20) 
ZKHUH k9 LVWKHFRYDULDQFHRIV\VWHPHUURUDQG ih LVWKHZHLJKWGHILQHGE\
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 ih N O  .  (21) 
7KHVDPHSURFHGXUH LVDSSOLHG WRFRPSXWH k\ 
yy
k0 DQG
xy
k0 E\GHILQLQJ WKHVLJPDYHFWRUV k:  kȍ DQG WKH
FRYDULDQFHRIPHDVXUHPHQWYHFWRU k: 
  i M k
i
N O  0T ,  (22) 
  k:  [  ,       i k k i M i N:    [
  !T ,        i k k i M i N N:    [  !T  (23) 
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
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
N Tyy
k i i k k i k k k
i
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ª º ª º <  <  ¬ ¼ ¬ ¼¦0 \ \ :    , (26) 

 

N Txy
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i
h
 
ª ºª º )  < ¬ ¼ ¬ ¼¦0 [ \   .  (27) 
7KH.DOPDQJDLQLVWKHQFRPSXWHGIURPWKHHUURUFRYDULDQFH yyk0 DQG
xy
k0 E\0HDQDQGHUURUFRYDULDQFH
Ö k[ DQG k3 DUHILQDOO\XSGDWHGDIWHUWKHREVHUYDWLRQE\XVLQJDQG
  xy yyk k k  . 0 0 ,  (28) 
(mean after observation)  Ö k k k k k  [ [ . \ \  . (29) 
(covariance after observation) xx xx Tk k k k k 3 0 . 0 . . (30) 
(TXDWLRQV  DQG  VKRZ WKDW WKHPHDQ LV VKLIWHG WR D ORFDWLRQ FORVH WR WKH WUXHPHDQ DQG WKDW WKH HUURU
FRYDULDQFHLVVPDOOHUWKDQWKDWFRPSXWHGEHIRUHWKHREVHUYDWLRQ+RZHYHU8.)LVVWURQJO\OLPLWHGE\WKHIDFWWKDW
WKH VWDWHYDULDEOHVPXVW IROORZ WKH*DXVVLDQGLVWULEXWLRQZKHUHDV WKH3)KDVQRSUREDELOLW\GLVWULEXWLRQ IXQFWLRQ
OLPLWDWLRQV
6WDWHVSDFHPRGHOIRUVL[YHKLFOHSODWRRQ
3.1. Modeling the dynamics of headway distance and velocity 
$VVXPLQJWKDWVL[YHKLFOHVIRUPDORQJLWXGLQDOSODWRRQV\VWHPDVGHSLFWHGLQ)LJ WKHG\QDPLFVRIKHDGZD\
DQGYHORFLW\RIHDFKSODWRRQHGYHKLFOHDUHIRUPXODWHGDVWKHGLIIHUHQFHHTXDWLRQV

  
i i i i
k k k kv v t

  ª º   '¬ ¼A A   (31) 
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k k kv v a t   ' .  (32) 
+HUH ikA 
i
kv DQG
i
ka DUHKHDGZD\GLVWDQFHYHORFLW\DQGDFFHOHUDWLRQUDWHRI WKHYHKLFOH i DW WLPH k  t' LVD
GLVFUHWHWLPHVWHS


)LJ6L[YHKLFOHSODWRRQ
7KHDFFHOHUDWLRQUDWHLQLVJLYHQE\DFRQYHQWLRQDOFDUIROORZLQJPRGHOZKLFKLVZHOONQRZQDVWKH*D]LV
+HUPDQ5RWHU\*+5PRGHO>5RWKHU\@
 
 

ni
ki i i
k T k kmi
k
v
a v vD  ª º ¬ ¼
A .  
(33)
 
ZKHUH  m nD DUHWKHPRGHOSDUDPHWHUVDQGT LVGHILQHGDVWKHYHKLFOHUHDFWLRQWLPH)RUVLPSOLFLW\WKHUHDFWLRQ
WLPHLVDVVXPHGWREH]HURLH T  XQGHUWKHDVVXPSWLRQWKDWHUURUVGXHQHJOHFWLQJT ZLOOEHPLQLPL]HGE\WKH
HVWLPDWRUIHHGEDFNSURFHVV6XEVWLWXWLQJLQWRUHGHILQHVWKHYHORFLW\DV
 
 
 
  

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k
v
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 
  

ª º   '¬ ¼
A .  
(34)
 
,IYHORFLW\LVDOVRFKRVHQDVDPHDVXUHPHQWYDULDEOHWKHDGGLWLRQDOPHDVXUHPHQWHTXDWLRQLV
i i
k kv v .  (35)
 
(TXDWLRQV  DQG  DUH UHJDUGHG DV WKH VWDWH HTXDWLRQV ZKHUHDV  DQG  FDQ EH XVHG DV WKH
PHDVXUHPHQWHTXDWLRQIRUWKHVWDWHVSDFHPRGHORIDYHKLFOHSODWRRQ
1XPHULFDODQDO\VLV
4.1. Preparing evaluation and measurement data sets 
*LYHQWKHYHORFLW\RI WKHVWYHKLFOHRI WKHSODWRRQ WKHHYDOXDWLRQGDWDRQKHDGZD\GLVWDQFHDUHFRPSXWHGE\
H[HFXWLQJWKHV\VWHPPRGHOVDQG,WVKRXOGEHQRWHGWKDWWKHPRGHOSDUDPHWHUVDUHVHWWRD P Q 7KH
DFFHOHUDWLRQUDWHDQGYHORFLW\DUHDOVRFDOFXODWHGE\ WKHPHDVXUHPHQWPRGHOVDQG WREHXVHGDV WKHUHDO
REVHUYDWLRQGDWD
:KHQFUHDWLQJWKHHYDOXDWLRQDQGPHDVXUHPHQWGDWDWKHFRYDULDQFHRIV\VWHPQRLVHLVVHWWRIRUKHDGZD\DQG
IRUYHORFLW\ZKHUHDV WKHPHDVXUHPHQWQRLVHFRYDULDQFHDUHIL[HGDWIRUDFFHOHUDWLRQUDWHDQGIRU
YHORFLW\
4.2. Selection of probe car(s) 
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,Q WKLV VWXG\D ³SUREHFDU´ LVGHILQHGDVDYHKLFOH WKDW LV HTXLSSHGZLWK WKHVHQVRUVQHFHVVDU\ WRPHDVXUH WKH
YHKLFOH¶VDFFHOHUDWLRQUDWHDQGYHORFLW\7KHHVWLPDWLRQSUREOHPLVGHWHUPLQLQJKRZSUHFLVHO\WKH3)DQGWKH8.)
HVWLPDWHWKHKHDGZD\GLVWDQFHRIHDFKYHKLFOHLQWKHSODWRRQE\PHDVXULQJWKHDFFHOHUDWLRQUDWHDQGYHORFLW\DWWKH
SUREHFDUV7KLVUHVHDUFKDVVXPHVWKHIROORZLQJWZRFDVHV
x 7KHQGWKDQGWKYHKLFOHVDUHHTXLSSHGDVSUREHFDUV
x $OOILYHIROORZLQJYHKLFOHVDUHHTXLSSHGDVSUREHFDUV
,W LV DVVXPHG WKDW WKH YHORFLW\ RI WKH VW YHKLFOH LV H[WHUQDOO\ JLYHQ WR WKH V\VWHPDV WKH LQSXW7KH VWDWH DQG
PHDVXUHPHQWYDULDEOHVIRUHDFKVFHQDULRDUHWKHQGHILQHGDV
> @ > @                    
T T
k kk kv v a v a v a v  [ \A A
, (36) 
> @ > @                 
T T
k kk kv v a v a v  [ \A A
. (37) 
7KHFDUIROORZLQJSURFHVV LVQRW D VWHDG\VWDWH IORZEXW LV LQVWHDG DQXQVWDEOH VWDWH WKDW UHTXLUHV FRQWLQXRXV
DFFHOHUDWLRQDQGGHFHOHUDWLRQDFWLRQVLQVKRUWWLPHSHULRGV7KHVSHHGSURILOHRIWKHVWYHKLFOHLVJLYHQLQ)LJ


)LJ9HORFLW\RIVWYHKLFOH
4.3. Two cases that deviate the headway distance from the true observation 
7ZR FDVHVZHUH SUHSDUHG WR H[SUHVV VLWXDWLRQVZKHUH WKH FDUIROORZLQJPRGHO LV LQFDSDEOH RI FDOFXODWLQJ WKH
KHDGZD\GLVWDQFH7KHILUVWLVWKHFDVHZKHUHWKHSDUDPHWHUVHWRIWKHFDUIROORZLQJPRGHOLVGLIIHUHQWIURPZKDWLV
DFWXDOO\REVHUYHGDQG WKHRWKHU LVDVLWXDWLRQZKHUHDYHKLFOHXQH[SHFWHGO\VORZVGRZQGXULQJ WKHFDUIROORZLQJ
SURFHVV,QERWKFDVHVWKHDFWXDOO\REVHUYHGKHDGZD\GLVWDQFHLVGLIIHUHQWIURPWKHRXWSXWRIWKH*+5FDUIROORZLQJ
PRGHO7KLVVWXG\K\SRWKHVL]HVWKDWWKH3)DQG8.)IHHGEDFNSURFHVVHVZLOOPLQLPL]HWKHGHYLDWLRQ
4.3.1. Incorrect model parameters 
,Q WKH UHDO ZRUOG LW LV VHOIHYLGHQW WKDW WKH PRGHO SDUDPHWHU VHWWLQJ D P Q  FDQ QHYHU EH JXDUDQWHHG
$FFRUGLQJO\WKLVUHVHDUFKDVVXPHVRWKHUPRGHOSDUDPHWHUYDOXHVD P Q DVWKHSULRUNQRZOHGJHZKHQ
HVWLPDWLQJWKHKHDGZD\GLVWDQFH
'LIIHUHQWPRGHOSDUDPHWHUV\LHOGGLIIHUHQWPRGHORXWSXWDVGHSLFWHGLQ)LJZKHUHLWFDQEHFOHDUO\VHHQWKDW
WKHLQFRUUHFWPRGHOSDUDPHWHUVHWD P Q UHVXOWVLQDKHDGZD\GLVWDQFHGHYLDWLRQIURPWKHDFWXDORQH
JLYHQE\FRUUHFWSDUDPHWHUVHWD P Q 

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)LJ+HDGZD\GLVWDQFHVXVLQJGLIIHUHQWPRGHOSDUDPHWHUVHWV
4.3.2. Unexpected 3rd vehicle slowdown  
,QWKLVSRUWLRQRIWKHVWXG\LWLVDVVXPHGWKDWWKHUGYHKLFOHRXWRIVL[LQWKHSODWRRQVORZVGRZQXQH[SHFWHGO\
GXULQJ WKH FDUIROORZLQJSURFHVV ,Q VXFK VLWXDWLRQV DV VKRZQ LQ)LJ  WKHKHDGZD\GLVWDQFHRI WKHUGYHKLFOH
EHFRPHVVLJQLILFDQWO\ORQJHUWKDQXVXDODQGWKHIROORZLQJWKWRWKYHKLFOHVWUDYHOZLWKPXFKVKRUWHUKHDGZD\DQG
DW ORZHU VSHHGV +RZHYHU WKH *+5 PRGHO LWVHOI LV FRPSOHWHO\ XQDEOH WR GHVFULEH WKH VORZGRZQ EHFDXVH QR
SRVWHULRULQIRUPDWLRQFDQEHSURYLGHGWRWKHPRGHOLQDGYDQFH
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)LJ+HDGZD\GLVWDQFHZLWKDQGZLWKRXWXQH[SHFWHGUGYHKLFOHGHFHOHUDWLRQ
4.4. Four scenarios of numerical analysis 
:HDUWLILFLDOO\FUHDWHGIRXUVLWXDWLRQVWKDWZRXOGFDXVHWKHVLPXODWHGKHDGZD\GLVWDQFHWRGHYLDWHIURPWKHWUXH
REVHUYDWLRQ 2XU JRDO ZDV WR HYDOXDWH KRZPXFK WKH 3) DQG WKH 8.)PLQLPL]H WKH GHYLDWLRQ E\ WKH IHHGEDFN
SURFHVVXQGHUWKRVHVFHQDULRVZKLFKDUHJLYHQLQ7DEOHEHORZ

7DEOH)RXU6FHQDULRVIRU1XPHULFDO$QDO\VLV
$VVXPSWLRQV
3UREHFDULQVWDOODWLRQ
:URQJSDUDPHWHURI*+5FDU
IROORZLQJPRGHO
8QH[SHFWHGVORZGRZQRIWKHUG
YHKLFOH
(YHU\WZRYHKLFOHVQGWKDQGWK 6FHQDULR 6FHQDULR
$OOYHKLFOHVQGWRWK 6FHQDULR 6FHQDULR

,Q6FHQDULRLWLVHVSHFLDOO\QRWDEOHWKDWWKHVORZGRZQRIWKHUGYHKLFOHFRXOGQRWEHGLUHFWO\PHDVXUHGDWWKH
UGYHKLFOHLWVHOIEHFDXVHWKHSUREHFDUVHQVRUVZHUHRQO\LQVWDOOHGRQWKHQGWKDQGWKYHKLFOHV7KH3)DQG
8.)ZHUHWKHQXVHGWRGHWHFWWKHVORZGRZQRIWKHUGYHKLFOHLQGLUHFWO\IURPWKHPHDVXUHPHQWRIDFFHOHUDWLRQDQG
YHORFLW\DWWKHQGWKDQGWKSUREHFDUV
4.5. Simulation parameter setting 
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7KHVLPXODWLRQWLPHZDVVHWDWVDQGWKHWLPHVOLFH t' ZDVVHWDWV7KHQXPEHURISDUWLFOHVJHQHUDWHGLQ
WKH3)ZDVIRUDOOVFHQDULRVESSTHZDVIL[HGDWEDVHGRQWKHVWXG\E\1LVKLGD>1LVKLGD@,QDGGLWLRQ
WKHVFDOLQJIDFWRU O LQZDVVHWWR7KHYDULDQFHRIV\VWHPDQGPHDVXUHPHQWQRLVHVIRUWKH3)DQGWKH8.)
H[HFXWLRQVDUHJLYHQLQ7DEOH

7DEOH9DULDQFHRI6\VWHPDQG0HDVXUHPHQW1RLVHVIRUWKH3)DQGWKH8.)&RPSXWDWLRQV
(VWLPDWRUV 9DULDQFHRIV\VWHPQRLVH
KHDGZD\GLVWDQFH
9DULDQFHRIV\VWHPQRLVH
YHORFLW\
9DULDQFHRI
PHDVXUHPHQWQRLVH
DFFHOHUDWLRQUDWH
9DULDQFHRI
PHDVXUHPHQWQRLVH
YHORFLW\
3)    
8.)    
4.6. Estimation results 
4.6.1. Scenario 1 (observed at every two vehicles, wrong model parameter set) 
)LJVKRZVWKHKHDGZD\GLVWDQFHHVWLPDWLRQUHVXOWVRIDOOILYHIROORZLQJYHKLFOHV:KHQFRPSDUHGWR)LJLW
FDQEHVHHQWKDWWKHHUURUFDXVHGE\WKHLQFRUUHFWPRGHOSDUDPHWHUVHWZDVVLJQLILFDQWO\PLQLPL]HGWKURXJKWKH3)
DQG WKH8.) IHHGEDFN 7KH 3) HVWLPDWHVZHUH FORVH WR WKH WUXH KHDGZD\ZKHUHDV VRPH XQGHUHVWLPDWLRQVZHUH
IRXQGLQWKH8.)IHHGEDFNHVSHFLDOO\DWWKHSUREHFDUVQGWKDQGWKYHKLFOHV7KLVLQGLFDWHVWKDWWKH3)LV
PRUHFDSDEOHRIILQGLQJDWUXHKHDGZD\YDOXHHYHQZKHQWKHFDUIROORZLQJPRGHOSDUDPHWHUVDUHLQFRUUHFW7KLVLV
EHFDXVH WKH SDUWLFOHV GLVWULEXWHG DURXQG WKH QRPLQDO YDOXH FRYHU WKH WUXH PHDQ DQG FRYDULDQFH DSSURSULDWHO\
+RZHYHU 8.) DFFXUDF\ GHSHQGV VWURQJO\ RQ WKH PHDVXUHPHQW HTXDWLRQ GHVFULEHG E\ WKH FDUIROORZLQJ PRGHO
7KHUHIRUHWKHPRGHOSDUDPHWHUVVKRXOGEHDVDFFXUDWHDVSRVVLEOHLQRUGHUWRLQFUHDVHWKHHVWLPDWLRQDFFXUDF\ZKHQ
WKH 8.) LV DSSOLHG )XUWKHUPRUH ZH GHWHUPLQHG WKDW HYHQ WKRXJK WKH 8.) DOVR SHUIRUPV ZHOO LW VWLOO IDFHV
OLPLWDWLRQVLQWHUPVRILWVDELOLW\WRIXOO\PLQLPL]HHUURUVFDXVHGE\LQFRUUHFWPRGHOSDUDPHWHUV
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)LJ+HDGZD\HVWLPDWLRQE\3)DQG8.)LQ6FHQDULRREVHUYHGDWHYHU\WZRYHKLFOHVLQFRUUHFWPRGHOSDUDPHWHUVHW
4.6.2. Scenario 2 (observed at every two vehicles, unexpected slowdown of the 3rd vehicle) 
3UHFLVHO\KRZWKH3)DQGWKH8.)HVWLPDWHGWKHXQH[SHFWHGUGYHKLFOHVORZGRZQLVVKRZQLQ)LJ$JDLQLW
VKRXOGEHQRWHGWKDWWKHUGYHKLFOHLWVHOIFRXOGQRWGLUHFWO\GHWHFWWKHVORZGRZQ,QVWHDGLWZDVILUVWLGHQWLILHGDW
WKHWKYHKLFOHEHFDXVH WKHSUREHFDUVHQVRUVZHUHRQO\ LQVWDOOHGRQ WKHQGWKDQGWKYHKLFOHV%RWK3)DQG
8.)VXFFHHGHGLQGHWHFWLQJWKHUGYHKLFOHVORZGRZQZLWKRXWDQ\GLUHFWPHDVXUHPHQW+RZHYHULWZDVFOHDUWKDW
8.)SHUIRUPHGPXFKEHWWHUDQGZDVPRUHVWDEOHWKDQ3)HVSHFLDOO\DWWKHUGWKDQGWKYHKLFOHV3)DORQHZDV
XQDEOHWRXQGHUVWDQGWKDWWKHWKDQGWKYHKLFOHVIROORZWKHSUHFHGLQJYHKLFOHVMXVWLVLIQRVORZGRZQKDGRFFXUUHG
LQWKHUGYHKLFOH,QDQXQH[SHFWHGFDUIROORZLQJVLWXDWLRQWKDW\LHOGVODUJHHUURUVEHWZHHQWKHPRGHORXWSXWDQG
WUXHKHDGZD\WKH3)SDUWLFOHVVKRXOGEHPRUHFDUHIXOO\JHQHUDWHGDQGGLVWULEXWHGWRORFDWLRQVWKDWDUHFORVHWRWKH
WDUJHW,QFRQWUDVW8.)ZDVVXFFHVVIXO LQHVWLPDWLQJWKHWUXHKHDGZD\HYHQZKHQWKHVORZGRZQZDVQRWGLUHFWO\
PHDVXUHGDWWKHVORZGRZQYHKLFOHLWVHOI
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)LJ+HDGZD\HVWLPDWLRQE\3)DQG8.)LQ6FHQDULRREVHUYHVDWHYHU\WZRYHKLFOHVXQH[SHFWHGUGYHKLFOHVORZGRZQ
4.6.3. Scenario 3 (observed at all vehicles, wrong model parameter set) 
)LJGHSLFWVWKHKHDGZD\HVWLPDWLRQZKHQWKHDFFHOHUDWLRQUDWHDQGYHORFLW\ZDVPHDVXUHGDWDOOILYHIROORZLQJ
YHKLFOHV:KHQFRPSDUHGWR6FHQDULRLQZKLFKRQO\WKUHHYHKLFOHVZHUHHTXLSSHGDVSUREHFDUVWKH3)HVWLPDWLRQ
DFFXUDF\ZDVIRXQGWRKDYHLQFUHDVHGDQGWKHHVWLPDWHVZHUHYHU\FORVHWRWKHWUXHKHDGZD\+RZHYHUZKHQWKH
8.) ZDV DSSOLHG WKH XQGHUHVWLPDWLRQ ZDV PRUH VLJQLILFDQW WKDQ UHFRUGHG LQ 6FHQDULR  EHFDXVH WKH 8.) LV
VLJQLILFDQWO\DIIHFWHGE\WKHDFFXUDF\RIWKHFDUIROORZLQJPRGHOHVSHFLDOO\DWWKHREVHUYDWLRQYHKLFOH7KHUHIRUHLW
ZDV GHWHUPLQHG WKDW WKH 8.) QHHGV WKH FDUIROORZLQJ PRGHO WR EH DV DFFXUDWH DV SRVVLEOH LQ RUGHU WR RXWSXW
VXIILFLHQWHVWLPDWLRQSUHFLVLRQHYHQWKRXJKWKH3)SURYHGWREHYHU\UREXVWDJDLQVWWKHPRGHOSDUDPHWHUGHYLDWLRQ
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)LJ+HDGZD\HVWLPDWLRQE\3)DQG8.)LQ6FHQDULRREVHUYHGDWDOOYHKLFOHVZURQJPRGHOSDUDPHWHUVHW
4.6.4. Scenario 4 (observed at all vehicles, unexpected slowdown of the 3rd vehicle) 
:KHQ VHQVRUV DUH LQVWDOOHG LQ DOO YHKLFOHV WKH XQH[SHFWHG VORZGRZQ RI WKH UG YHKLFOH FRXOG EH SUHFLVHO\
GHWHFWHGE\WKH3)DQGWKH8.)LQRUGHUWR\LHOGWKHPRUHDFFXUDWHKHDGZD\GLVWDQFH&RPSDUHGWR6FHQDULRLQ
)LJLQZKLFKWKHSUREHFDUVHQVRUVZHUHRQO\LQVWDOOHGLQHYHU\WZRYHKLFOHVERWKWKH3)DQGWKH8.)HVWLPDWLRQ
DFFXUDF\ LPSURYHGVLJQLILFDQWO\,IDOOYHKLFOHVZHUHHTXLSSHGDVSUREHFDUVDQG WKXVFDSDEOHRIGHWHUPLQLQJ WKH
DFFHOHUDWLRQUDWHDQGYHORFLW\WKH3)SHUIRUPVEHWWHUWKDQWKH8.)LQDQ\VLWXDWLRQZKHUHWKHPRGHORXWSXWDQGWUXH
KHDGZD\GHYLDWH







     KH
DG
Z
D\
G
LV
WD
QF
H
P

WLPHPV
QGYHKLFOHSUREH
8.)
WUXH
3)
EOXH







     KH
DG
Z
D\
G
LV
WD
QF
H
P

WLPHPV
UGYHKLFOHSUREH
3)
8.)
WUXH








     KH
DG
Z
D\
G
LV
WD
QF
H
P

WLPHPV
WKYHKLFOHSUREH
8.)
WUXH
JUHHQ
3)
EOXH








     KH
DG
Z
D\
G
LV
WD
QF
H
P

WLPHPV
WKYHKLFOHSUREH
3)
WUXH
8.)







     KH
DG
Z
D\
G
LV
WD
QF
H
P

WLPHPV
WKYHKLFOHSUREH
3)
WUXH
8.)
186   Hironori Suzuki and Takashi Nakatsuji  /  Transportation Research Procedia  6 ( 2015 )  172 – 188 

)LJ+HDGZD\HVWLPDWLRQE\WKH3)DQGWKH8.)LQ6FHQDULRREVHUYHGDWDOOYHKLFOHVXQH[SHFWHGVORZGRZQRIWKHUGYHKLFOH
4.7. Discussion 
$V GHPRQVWUDWHG DERYH LQ WKH QXPHULFDO H[DPSOH ERWK WKH 3) DQG WKH 8.) ZHUH IRXQG WR EH FDSDEOH RI
HVWLPDWLQJ WKHKHDGZD\GLVWDQFHHYHQ LQVLWXDWLRQVZKHUH WKHFDUIROORZLQJPRGHOGRHVQRWH[SUHVV WKH WUXHFDU
IROORZLQJSKHQRPHQD+RZHYHU LW LVDOVRWUXHWKDWERWKWKH3)DQGWKH8.)KDYHDGYDQWDJHVDQGGLVDGYDQWDJHV
ZKLFKFDQEHVXPPDUL]HGDVIROORZV
x 7KH3)LVYHU\UREXVWZKHQHQFRXQWHULQJPRGHOSDUDPHWHUGHYLDWLRQEXWLVXQDEOHWRGHVFULEHXQH[SHFWHGFDU
IROORZLQJVLWXDWLRQVXQOHVVWKHDFFHOHUDWLRQUDWHDQGYHORFLW\DUHPHDVXUHGDWDOOSUREHYHKLFOHV+RZHYHU
UHJDUGOHVVRIWKHQXPEHURISUREHFDUVWKHHUURUVFDXVHGE\WKHZURQJPRGHOSDUDPHWHUVZHUHVLJQLILFDQWO\
UHGXFHG
x 7KH8.)FDQQRWIXOO\PLQLPL]HWKHHUURUVFDXVHGE\DQLQFRUUHFWPRGHOSDUDPHWHUVHWEHFDXVHLWVDFFXUDF\
VWURQJO\GHSHQGVRQKRZSUHFLVHO\WKHPHDVXUHPHQWHTXDWLRQGHVFULEHVWKHFDUIROORZLQJSURFHVV7KHUHIRUH
LPSURYHPHQWVFDQEHH[SHFWHGLIWKHPRGHOSDUDPHWHUVHWLWVHOILVDOVRFRUUHFWHGWRWKHWUXHYDOXHV+RZHYHULWLV
VLJQLILFDQWWKDWWKH8.)LVFDSDEOHRIGHWHFWLQJWKHXQH[SHFWHGVORZGRZQRIDYHKLFOHPRUHSUHFLVHO\WKDQ3)
HYHQLIWKHQXPEHURISUREHFDUVLQWKHSODWRRQLVLQVXIILFLHQW
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7KHVH ILQGLQJV ZHUH DOVR FRQILUPHG E\ H[DPLQLQJ WKH URRW PHDQ VTXDUH HUURUV 506( RI WKH KHDGZD\
HVWLPDWLRQ DV VKRZQ LQ )LJ  $V VKRZQ LI DOO WKH YHKLFOHV DUH HTXLSSHG DV SUREH FDUV FDSDEOH RI PHDVXULQJ
DFFHOHUDWLRQ UDWHDQGYHORFLW\ WKH3) LV VXSHULRU WR WKH8.) LQ LWVDELOLW\ WRHVWLPDWH WKHKHDGZD\GLVWDQFHPRUH
SUHFLVHO\LQDOOFDVHVZKHUHWKHPRGHORXWSXWDQGWUXHKHDGZD\GHYLDWH)XUWKHUPRUHLIPHDVXUHPHQWVDUHQRWWDNHQ
DWDOOYHKLFOHVWKH8.)LVDVVWDEOHDVRUPRUHWKDQWKH3)HVSHFLDOO\ZKHQDYHKLFOHLQWKHSODWRRQXQH[SHFWHGO\
VORZVGRZQGXULQJWKHFDUIROORZLQJSURFHVV7RLQFUHDVHHVWLPDWLRQDFFXUDF\LWZLOOEHQHFHVVDU\WRHQVXUHWKDWWKH
KHDGZD\ GLVWDQFH DQG WKH FDUIROORZLQJ PRGHO SDUDPHWHUV FDQ EH HVWLPDWHG VLPXOWDQHRXVO\ ZLWKLQ D VLQJOH
HVWLPDWLRQSURFHVV


)LJ0HDQ506(RIKHDGZD\GLVWDQFH
&RQFOXVLRQ
,QWKLVVWXG\ZHDSSOLHGD3)DQGD8.)WRHVWLPDWHWKHKHDGZD\GLVWDQFHRISODWRRQHGYHKLFOHVLQDFDVHZKHUH
WKHSULRUNQRZOHGJHRI WKHPRGHOSDUDPHWHUVZDVGLIIHUHQWIURPDFWXDOO\REVHUYHGSRVWHULRU LQIRUPDWLRQ$QRWKHU
VFHQDULRZDVSUHSDUHGWRHYDOXDWHWKHSHUIRUPDQFHRIWKH3)DQGWKH8.)LQDVLWXDWLRQZKHUHDYHKLFOHLQDSODWRRQ
VORZHGGRZQXQH[SHFWHGO\GXULQJWKHFDUIROORZLQJSURFHVV,QRWKHUZRUGVWKH3)DQGWKH8.)ZHUHHPSOR\HGWR
PLQLPL]H WKH HUURUV LQ KHDGZD\ GLVWDQFH FDXVHG E\ WKH LQFRUUHFW PRGHO SDUDPHWHUV DQG XQH[SHFWHG YHKLFOH
VORZGRZQ
$VVXPLQJDVL[YHKLFOHSODWRRQWKHKHDGZD\GLVWDQFHVRIWKHIROORZLQJILYHYHKLFOHVZHUHLQGLUHFWO\HVWLPDWHG
E\PHDVXULQJWKHDFFHOHUDWLRQUDWHDQGYHORFLW\RIWKUHHYHKLFOHVRURIDOOYHKLFOHVLQWKHSODWRRQ,WVKRXOGEHQRWHG
WKDWGLUHFWPHDVXUHPHQWVXVLQJFRVWO\ODVHURUUDGDUVHQVRUVZHUHQRWUHTXLUHGLQWKLVHVWLPDWLRQV\VWHP
1XPHULFDO DQDO\VLV VKRZHG WKDW ERWK WKH 3) DQG WKH8.) VXFFHVVIXOO\ HVWLPDWHG WKH KHDGZD\ GLVWDQFH HYHQ
ZKHQ LQVLWXDWLRQVZKHUH WKHFDUIROORZLQJPRGHOGLGQRWDOZD\VH[SUHVV WKHFDUIROORZLQJSKHQRPHQDSUHFLVHO\
+RZHYHULWZDVDOVRIRXQGWKDWERWKWKH3)DQGWKH8.)KDYHXQLTXHDGYDQWDJHVDQGGLVDGYDQWDJHV)RUH[DPSOH
3) LV YHU\ UREXVW LQ WHUPV RI GHDOLQJ ZLWK PRGHO SDUDPHWHU GHYLDWLRQV EXW ZDV JHQHUDOO\ XQDEOH WR DFFXUDWHO\
GHVFULEHXQH[SHFWHGFDUIROORZLQJVLWXDWLRQVXQOHVVWKHDFFHOHUDWLRQUDWHDQGYHORFLW\FRXOGEHPHDVXUHGDWDOOSUREH
YHKLFOHV 2Q WKH RWKHU KDQG ZH IRXQG WKDW 8.) DFFXUDF\ ZDV VWURQJO\ DIIHFWHG E\ KRZ SUHFLVHO\ WKH PRGHO
GHVFULEHVWKHFDUIROORZLQJSURFHVVZKLFKPHDQWWKDWLWZDVXQDEOHWRPLQLPL]HWKHHUURUVFDXVHGE\WKHLQFRUUHFW
PRGHO SDUDPHWHUV ,Q VSLWH RI WKLV GLVDGYDQWDJH LW VKRXOG EH QRWHG WKDW WKH 8.) ZDV FDSDEOH RI GHWHFWLQJ WKH
XQH[SHFWHGVORZGRZQRIDYHKLFOHPRUHSUHFLVHO\WKDQ3)HYHQLIDUHGXFHGQXPEHURISUREHFDUVZHUHLQFOXGHGLQ
WKHSODWRRQ
7KHUHIRUHLWFDQEHFRQFOXGHGWKDWLIDOOYHKLFOHVLQDSODWRRQDUHHTXLSSHGDVSUREHFDUVFDSDEOHRIPHDVXULQJ
WKH DFFHOHUDWLRQ UDWH DQG YHORFLW\ WKH 3) LV VXSHULRU WR WKH 8.) DQG FDQ HVWLPDWH WKH KHDGZD\ GLVWDQFH PRUH
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